Aims/hypothesis. Mutations in the islet amyloid polypeptide (IAPP) gene may play a potential role in the abnormal regulation or expression of the peptide. The aim of this study was to determine the functional role of the −132 G/A mutation reported in the promoter region of the IAPP gene in a population of Spanish Type 2 diabetic patients. Methods. We investigated the transcriptional activity using MIN6 cells and luciferase reporter plasmids in several culture conditions. Key regulatory elements of the IAPP promoter region were also analysed by electrophoretic mobility shift assays (EMSA). Results. The mutant construct doubled IAPP transcriptional activity (p<0.001). Both constructs showed severely reduced promoter activity (four-fold decrease) in the presence of verapamil and diazoxide. In contrast, IAPP promoter activity was doubled after incubation with forskolin or dexamethasone, regardless of the glucose concentrations in the culture media. EMSA revealed that the −132 G/A mutation increased the binding affinity through two DNA-protein complexes. In addition, a cAMP-responsive element binding protein (CREB) was identified by super-shift EMSA. Conclusions/interpretation. Our studies show that the wild-type and the mutant constructs are regulated in a similar pattern under all conditions, strongly indicating that the −132 G/A mutation increases basal but not inducible transcription. These results may be explained by new binding to the mutant region through CREB and other transcription factors not yet identified.
Introduction
Islet amyloid polypeptide (IAPP), also known as amylin, is the primary constituent of amyloid deposits, which are found in pancreatic islets of patients with sis and Type 2 diabetes. Some models of transgenic mice overexpressing the human IAPP gene form intracellular IAPP fibrils with the subsequent development of hyperglycaemia [9, 10, 11] . The cis-acting elements of the IAPP gene that are required for islet beta cell expression have been identified elsewhere and elicit similar sequences to the promoter region of the insulin gene [12] . These findings demonstrate that insulin and IAPP genes contain similar cell-specific promoter elements that bind identical beta cell nuclear complexes and suggest that they share at least some transcriptional regulatory mechanisms.
A −132 bp G/A mutation in the promoter region of the IAPP gene shows variable frequencies attributed to ethnic differences [13, 14, 15, 16] . The frequency of this mutation in our Spanish population was higher in Type 2 diabetic patients than in non-diabetic subjects (9.7% vs 1.5%, p<0.005), which suggests that this mutation plays a role in Type 2 diabetes. The region −138 to −112 of the IAPP promoter, where the mutation is located, has been described as a positive regulatory element of transcriptional activity. However, the transcriptional factors in this region that are involved in the activity of the IAPP gene are unknown.
Here we investigated the functional properties of the G/A mutation, and analysed the effects of glucose metabolism, calcium, cyclic AMP (cAMP) and dexamethasone on the activity of the wild-type and the mutant promoter. We also explored the interaction between the nuclear proteins and this mutant sequence motif to identify some of the transcriptional factors involved in regulation of the IAPP gene.
Subjects, materials and methods
Cell cultures and treatments. MIN6 cells, derived from transgenic mice expressing the SV40 large antigen under the control of the rat insulin gene promoter [17] , were grown in DMEM (Gibco-BRL, Gaithersburg, Md., USA) supplemented with 15% FCS, 100 U/ml of penicillin, 100 µg/ml streptomycin and 5 µmol/l beta-mercaptoethanol. They were maintained at 37°C in a humidified atmosphere containing 5% CO 2 and passaged weekly by trypsinisation with TRIS-EDTA (0.2-0.5 mol/l).
The activity of the IAPP promoter was measured and the electrophoretic mobility shift assay (EMSA) conducted (method, see below) after 20 to 24 h of culture in the presence of 5.5 or 22.7 mmol/l glucose, or after the following treatments: 11.2 mmol/l mannoheptulose plus 22.7 mmol/l glucose, 11.2 mmol/l 6-deoxy-D-glucose plus 11.2 mmol/l glucose, 0.6 mmol/l diazoxide, 100 µmol/l verapamil, 10 µmol/l forskolin and 10 µmol/l dexamethasone.
Oligonucleotides and plasmid constructions. Four plasmid constructs were prepared from human genomic DNA samples obtained from a subject with the AA genotype and a subject with the GG genotype [13] after informed consent and approval by the Hospital Ethics Committee had been obtained.
The amplified regions were cloned into the pGL3-basic plasmid, containing the firefly luciferase reporter gene (Dual-Luciferase Reporter Assay System, Promega, Madison Wis., USA). The oligonucleotides spanned DNA sequences from: (i) −229 to +38 bp, including the IAPP promoter and the exon 1 region (intronless) (forward primer 5′-ACTTCTGCTGTGTATGA-CACACCA-3′, reverse primer 5′-GAGTCCAAGCTTGTATC-CACTGGA-3′); and (ii) −229 to + 458 bp (including intron 1) (same forward primer, reverse primer 5′-GGATGCCCATG-GCTTCTCAAATTTTCTGCAAA-3′). Each clone was verified by DNA sequencing with an ABI 377 DNA sequencer (PerkinElmer, Applied Biosystems, Foster City, Calif., USA).
Transfections and luciferase assays. The plasmid constructs were transfected into MIN6 cells using lipofectamine (Gibco-BRL Life Technologies, Paisley, UK) following the manufacturer's instructions. The pRL-CMV plasmid carrying the renilla luciferase gene was used to control the efficiency of transfection. We routinely transfected 1 µg of wild-type pGL3 or mutant pGL3, along with 20 ng of renilla-pRL-CMV expression plasmid. The protein concentration of the crude lysate was determined by the Bradford method (Bio-Rad, Richmond, Calif., USA). Firefly and renilla luciferase activities were measured from 6 µg of crude cell extract 35 to 40 h after transfection. The luminescent signals generated by cell extracts after consecutive addition of the two substrates that catalyse firefly and renilla luminescent reactions were measured in a Lumat LB 9507 luminometer (Berthold, Bad Wildbad, Germany). Firefly luciferase activity values were normalised to those of renilla luciferase activity, as a percentage above basal levels of starved cells, and data given are the mean ± SE of at least three independent experiments. The IAPP promoter activity of transfected cells was examined at low or high glucose, in the absence of any treatment, or after the addition of several agents known to modify beta cell function (see above). All activities were expressed as a percentage of the relative data obtained at low glucose and at high glucose (see corresponding figures).
Electrophoretic mobility shift assays. Nuclear extracts from MIN6 cells cultured in various conditions as described above were prepared, as described by Andrews et al. [18] . Protein concentrations were determined by the Bradford method. Gel shift assays were performed with the mutant and wild-type oligonucleotides derived from positions −138 to −122 of the human IAPP promoter. They were labelled with T 4 polynucleotide kinase and (γ-32 P) ATP (ICN, Irvine, Calif., USA) and annealed as described elsewhere [19] . For binding reactions, 10 µg of nuclear proteins were incubated on ice for 15 min in a binding reaction mixture containing 40 mmol/l HEPES (pH=7.9), 200 mmol/l KCl, 0.5 mmol/l dithiothreitol, 0.2 mmol/l EDTA, 5% Ficoll and 3 µg of poly(dI-dC). In competition experiments, the unlabelled oligonucleotide was added in excess (100×). Labelled oligonucleotide was added to the mixture and incubated for 30 min at room temperature. For the supershift assay, 1 µl of each of anti-cAMP-response element binding protein (CREB) (sc-186x), anti-cAMP-response element modulator (CREM) (sc-440x) and anti-cAMP-binding protein (CBP) (sc-7300x) (Santa Cruz Biotechnology, Santa Cruz, Calif., USA) were added before addition of the probe and incubated for 2 h. As a control, a specific CREB peptide (sc-186p) (Santa Cruz Biotechnology) was used and incubated in the same conditions. The resulting DNA-protein complexes were separated from free DNA on a 5% polyacrylamide gel (29:1, acrylamide-bisacrylamide). Gels were run at 20 mA in 0.5×TBE (90 mmol/l TRIS, 90 mmol/l boric acid, 1 mmol/l EDTA, pH=8), vacuum-dried and exposed to X-ray film at −70°C.
Statistical analysis. Each experiment was repeated at least three times per condition. Data are presented as means ± SEM. The statistical significance of the differences between experimental groups was evaluated by Student's unpaired two-tailed t test and by the Kruskall-Wallis test. Differences were considered significant at a p value of less than 0.05.
Results
Islet amyloid polypeptide promoter activity in MIN6 cells. The promoter activity of the plasmid constructs containing the firefly luciferase reporter gene with the mutant or the wild-type sequence was analysed after transfection into MIN6 cells. The plasmid containing the mutation showed a doubling of IAPP promoter activity compared with the wild-type construct (p<0.001) (Fig. 1a) . Glucose is regarded as a key regulator of the IAPP gene. To determine the effect of glucose on these constructions, transfected cells were incubated at 5.5 and 22.7 mmol/l glucose. Luciferase activity increased at high glucose concentrations in wild-type and mutant constructs (p<0.05) (Fig. 1b) . In all individual experiments, the activity of the mutant construct was higher than that of the wild-type construct, regardless of the glucose concentration in the culture medium. In addition, the activity of the promoter was almost completely abolished in the constructs lacking intron 1 (Fig. 1a) .
Effect of agents modifying glucose metabolism, calcium channels and ATP-dependent potassium channel openers on IAPP promoter activity. The addition of 11.2 mmol/l 6-deoxy-D-glucose to 11.2 mmol/l glucose decreased luciferase activity of the wildtype construct by 25% when compared with the 22.7 mmol/l glucose control. Similarly, the addition of 11.2 mmol/l mannoheptulose to 22.7 mmol/l glucose decreased luciferase activity of the wild-type construct by 30% compared with high glucose alone. A similar pattern, but with higher luciferase activity, was observed when the mutant construct was transfected into MIN6 cells after the addition of the same test agents (43% and 34% decreases) (Fig. 2a) . Moreover, in the Fig. 1 . Effect of the G/A mutation (a) on the activity of the IAPP promoter and the role of intron-1 sequence in this activity. The wild-type (WT) and the mutant (MUT) constructs with and without intron 1 sequence (WT-I and MUT-I respectively), as well as the plasmid control (pGL3, hatched bar), were transfected separately into MIN6 cells cultured at 22.7 mmol/l glucose. b. Effect of glucose on IAPP promoter activity. MIN6 cells transfected with the wild-type (white bars) and mutant (black bars) constructs were cultured for 24 h in 5.5 mmol/l glucose (5G) or in 22.7 mmol/l glucose (22G). Results are expressed as relative luciferase activity normalised to the activity of the co-transfected pRL-CMV renilla plasmid. Values are the mean ± SEM from 10 to 15 experiments performed in triplicate. * p<0.05 vs WT or MUT; ** p<0.001 vs WT presence of the calcium channel blocker verapamil or the ATP-dependent potassium channel opener diazoxide, luciferase activity was inhibited by more than 70% (p<0.001) in all constructs (wild-type and mutant) (Fig. 2b) .
Effect of cyclic AMP and corticosteroids on IAPP mutant promoter activity.
Previous results indicate that intracellular second messengers like cAMP and corticosteroid play a role in the glucose regulation of IAPP gene expression [20, 21] . Here, addition to the culture medium of the adenylate cyclase activator forskolin at 10 µmol/l increased luciferase activity of cells transfected with the wild-type and the mutant construct by 76% and 81% respectively, when cells were cultured in 5.5 mmol/l glucose. When cultures were maintained in 22.7 mmol/l glucose the increase was 67% and 56% respectively (Fig. 2c) . Moreover, the addition of 10 µmol/l dexamethasone enhanced luciferase activity in cells transfected with the wild-type (120% at 5.5 mmol/l glucose, 50% at 22.7 mmol/l glucose) and the mutant construct (180% in low glucose, 85% in high glucose) (Fig. 2d) .
DNA-nuclear protein complex analysis. All experiments indicated that the −132 G/A mutation affects the basal but not the inducible transcription of the gene. Subsequent experiments were performed to ) were cultured for 24 h in 5.5 mmol/l glucose (5G) or 22.7 mmol/l glucose (22G) alone or in the presence of 10 µmol/l dexamethasone (DX). Results are normalised and expressed as for (c). * p<0.05 vs 22G wild-type; ** p<0.01 vs 5G wild-type; # p<0.01 vs 22G mutant; ## p<0.001 vs 5G mutant. All values are the mean ± SEM from at least three experiments performed in triplicate identify which potential nuclear proteins bind at this mutant site (−132 bp). To analyse binding interactions, EMSAs were performed. At least two protein-DNA complexes were detected when the mutant oligonucleotide was tested (Fig. 3, lane 3) . No signal was observed with the wild-type oligonucleotide (Fig. 3, lane  2) . Several experiments were repeated to confirm these results. Moreover, the pattern of the bands did not vary in cultures maintained at low or high glucose concentrations when the mutant probe was tested (Fig. 3, lanes 3, 5) . After the addition of 10 µmol/l forskolin or 10 µmol/l dexamethasone to the culture medium, the intensity of the bands with the mutant probe increased (Fig. 3, lanes 7, 9) . However, there was no change when the wild-type probe was analysed in the same cultures (Fig. 3, lanes 6, 8) . Treatment with verapamil and diazoxide did not affect the binding pattern, compared with the basal conditions, in either oligonucleotide (data not shown).
Competition assays were performed using 50× and 100× excess of cold oligonucleotides for: CRE, thyroid transcription factor (TTF-2) binding site, nuclear factors activation protein-1 (AP-1), glucocorticoid response element (GRE) and hepatocyte nuclear factor (HNF3) binding site. A clear competition with CRE was observed in the EMSA results (Fig. 4, lane 4) , indicating that the mutant sequence creates a CRE-like 6) . The protein-DNA complexes are indicated by arrows. The gel is representative of three independent experiments with qualitatively similar results sequence, which may partly explain the enhanced activity of the mutated construct in all experimental conditions. While slight competition with TTF-2 was detected (Fig. 4, lane 6) , no competition was observed for the other consensus sequences used, i.e. AP-1, GRE and HNF3 binding site.
To identify some of the transcription factors involved in the regulation of the mutant construct of the IAPP gene, we performed a super-shift EMSA to test anti-CREB, anti-CREM and anti-CBP antibodies, which detect proteins related to CRE. A super-shifted band was identified in MIN6 cell nuclear proteins by competition with an anti-CREB-specific antibody (Fig. 5, lane 2) . When CREB peptide was added to the reaction mix, the retarded complex was completely abolished, thus confirming the specificity of the band (Fig. 5, lane 3) . 
Discussion
Several mutations have been described in the promoter region of the IAPP gene, one of which is located at the position −132 G/A, within an enhancer domain of the IAPP promoter [13, 14, 15, 16] . However, the potential role of this mutation in the abnormal regulation or expression of the peptide and its correlation with Type 2 diabetes are unclear. Here, we show that this mutation increases the basal transcriptional activity of the IAPP gene, without any change in inducible transcription compared with the wild-type sequence. Furthermore, the activity of the intronless construct was almost abolished. The decrease in the luciferase activity of this construct may result from a lower efficiency of translation because of the lack of intron 1, which appears to be involved in the post-transcriptional regulation of IAPP expression, as reported elsewhere [22, 23] .
We studied the functional properties of the wildtype and the mutant promoter. We first tested whether signals derived from glucose metabolism are involved in the modulation of IAPP promoter activity (wildtype sequence) and whether the mutation studied interferes with such regulation. At high concentrations, glucose stimulates IAPP gene expression in pancreatic islets, which requires intracellular metabolism of the hexose [20, 21] . In the current study, mannoheptulose, an inhibitor of beta cell glucokinase, abolished the stimulatory effect of high glucose on IAPP promoter activity, suggesting that signals derived from glucose metabolism are necessary for transcriptional activation of the wild-type and mutant IAPP genes. This was confirmed by using the non-metabolisable glucose analogue 6-deoxy-D-glucose, which did not increase transcriptional activity when added to the culture media. Under both conditions, the mutant constructs showed the same pattern of response as the wild-type constructs, but with higher activity.
The link between glucose metabolism and IAPP gene expression may be in the calcium signalling pathway. Previous results show that diazoxide and verapamil inhibit IAPP secretion and the expression of IAPP mRNA levels elicited by high glucose [20] , suggesting that calcium plays a crucial role in mediating the response of the IAPP gene to glucose addition. In the present study, verapamil and diazoxide inhibited the promoter activity of both constructs, as reported elsewhere [24] , which demonstrates that glucose regulation of IAPP gene transcription depends on calcium concentrations.
Given that glucose metabolism increases cAMP and IAPP mRNA levels in pancreatic beta cells [20, 24] , we next investigated the involvement of this pathway in the regulation of IAPP promoter activity. Cyclic AMP response elements have been described in the promoter region of the IAPP gene. Although they were found to be non-functional in other studies [25] , we showed that forskolin stimulates IAPP promoter activity. Moreover, this agent exerts its effect regardless of the glucose concentrations in the culture medium, which suggests that glucose and forskolin regulate transcriptional activity of the IAPP gene through distinct signalling pathways, as reported elsewhere [26] . Interestingly, the mutant constructs reproduced the same pattern as the wild-type constructs but at higher levels of activity.
The effect of dexamethasone on the activity of the IAPP promoter was also analysed. Regulation of IAPP gene expression does not parallel that of insulin in dexamethasone-treated rats [27, 28] , which suggests that glucocorticoids contribute to the transcriptional regulation of the IAPP gene. Although a GRE consensus sequence has not been identified in the IAPP gene, there is a similar sequence in intron 1 of the IAPP gene [29] . Multiple positive and negative elements flanking the IAPP gene, e.g. the E2 domainlike sequence, the CRE-like sequence and others including elements in the position (−138/−122), have been described [22, 30] . However, the role of these elements in the transcriptional activity of the gene remains poorly understood. Furthermore, the nuclear proteins involved in the regulation of the gene through binding to these elements are unknown. EMSA revealed that DNA binding was elicited by the mutant probe, and that this was enhanced by the addition of forskolin and glucocorticoids to the culture media. After competition experiments, we propose that the −132bp G/A mutation in the promoter region creates a new binding site, which is recognised as a CRE-like regulatory element. Also, when the binding site for the forkhead TTF-2 was used as an unrelated oligonucleotide, slight competition was observed. The exact meaning of this result is unknown, but could be explained by the fact that TTF-2 is under cAMP regulation [31] .
The supershift analysis showed specific DNA binding for CREB protein, indicating that at least this transcription factor is involved in this new CRE-like sequence. The CRE is also a pleiotropic element that is crucial for basal transcription, the cAMP response and the glucocorticoid response. CREB binds to CRE to mediate the cAMP response, whereas other family members bind to the same sequence to confer accessory activity to the glucocorticoid. The role of these CRE-binding factors in the glucocorticoid response is unclear. Recent findings have identified c/EBPbeta, an accessory factor that, through binding to CRE, induces transcription in response to glucocorticoids [32] . These interactions may help to explain the corticoid effect observed in our experiments.
In previous studies we showed [33] that high glucose concentrations provoke a substantial increase in intracellular IAPP in human pancreatic islets. Under such conditions, the capacity of the cell-regulated secretory mechanisms may become overwhelmed and selective release or destinations of IAPP via alternative pathways may occur. In fact evidence for this mechanism has been reported by other authors [34] . Because of the relevance of amyloid deposition in humans, we hypothesise that the high rate of transcriptional activity produced by the mutant could be related to high production of IAPP and in consequence activation of the constitutive secretory pathway. Further studies are required to elucidate whether these mechanisms could be involved in amyloidogenesis.
In conclusion, the transcriptional activation of the wild-type and mutant IAPP genes was regulated in parallel in all experimental conditions, strongly indicating that the −132 G/A mutation influences basal but not inducible transcription. New binding to the mutant region through the CREB protein and other transcription factors not yet identified may account for these results.
